Abstract Biodiesel derived from algae is considered as a sustainable fuel, but proper downstream processing is necessary to minimize the environmental footprint of this process. Algae is grown in dilute liquid cultures, and achieving the low water contents required for extraction represents one of the greatest challenges for the production of algae derived biodiesel. An analysis of the life cycle emissions associated with harvesting, dewatering, extraction, reaction, and product purification stages for algae biodiesel were performed. This ''base case'' found 10,500 kg of total emissions per t of biodiesel with 96 % of those attributed to the spray dryer used for dewatering. Alternative cases were evaluated for various sequences of mechanical and thermal dewatering techniques. The best case, consisted of a disk-stack centrifuge, followed by the chamber filter press, and a heat integrated dryer. This resulted in 875 kg emissions/t of biodiesel, a 91 % reduction from the base case. Significant reductions in life cycle emissions were achieved for all mechanical dewatering alternatives compared to the base case, but further improvements using these existing technologies were limited. Additional improvements will require the development of new techniques for water removal or wet extractions.
Introduction
The manufacture of biodiesel from algae feedstock has become an important issue due to the increased demand for alternative fuels. Algae have several advantages over other renewable feed stocks. They can naturally mitigate CO 2 and unlike sourcing biofuels from crops, algae do not compete for the use of arable land (Chisti 2007) . Algae can also be used as a feedstock to produce other fuels such as ethanol, hydrogen, and methane (Wang et al. 2008 , Collet et al. 2011 . They are adaptable, have the ability to multiply rapidly, and contain a high oil content making it a feasible feedstock in the production of biodiesel (Chisti 2007) . Species, such as Schizochytrium sp. and Botryococcus braunii, can have high lipid contents of up to 70 wt% oil (Chisti 2007 , Mata et al. 2010 ). This oil is composed mostly of triacylglycerides (TAGs), which can be processed into biodiesel and further blended into conventional diesel fuel, lessening the burden on petroleum derived liquid fuels. (U.S. DOE 2010).
The algae biodiesel process begins with algae cultivation, followed by harvesting to separate the algae from the water. The TAGs are then extracted from the biomass and reacted to break down into fatty acid methyl esters (FAMEs), which are high energy content carbon chains with properties similar to those of diesel fuel. Converting an algae feedstock into biodiesel is energy intensive, which in turn contributes to the carbon footprint and emission of greenhouse gases. As a result, it is unknown whether algae derived biodiesel is environmentally efficient from an energy usage viewpoint. Life cycle assessments (LCAs) provide information which goes into the decision-making process of determining the most environmentally effective production route for algae derived biodiesel.
Extensive research is being conducted to determine the most efficient techniques of processing algae into biodiesel. An assessment by Campbell et al. (2011) compared petroleum derived diesel to algae and canola derived biodiesel. This study found that algae biodiesel had significantly lower greenhouse gas emissions. Similar research was conducted comparing petroleum and soybean based fuel production to algae derived biodiesel grown in a photobioreactor (Batan et al. 2010 ). This research found that the net energy ratios, the ratio of energy consumed to energy produced, were 0.19 for petroleum fuels and 0.93 for algae, respectively. Algae grown in photobioreactors consume nearly as much energy as is produced; therefore, the processing steps require further development before they can be competitive. Algae biodiesel had the lowest greenhouse gas emissions by sequestering 75.29 g CO 2 eq / MJ energy (Batan et al. 2010 ). Baliga and Powers (2010) compared algae grown using photobioreactors to soybean biodiesel production, finding that the process energy for the production of algae was only less than soybeans when recovering waste heat. Stephenson and Kazamia (2010) conducted a LCA comparing biodiesel produced through raceway ponds to photobioreactors and showed that raceway ponds are significantly more energy efficient for cultivating algae. Although raceway ponds are currently the industry standard, photobioreactors are still in development and offer a higher degree of process control, resulting in less contamination risk and higher yields. (Posten 2009) The LCAs performed on the growth phase demonstrate that improvements in algae cultivation are necessary. The algae culture obtained from the algae growth stage is dilute and requires water removal. This dewatering stage is also energy intensive due to extensive thermal drying needed to eliminate the intercellular water (Xu et al. 2011) . Algae cells can contain anywhere from 40 to 80 % intercellular water (Cooney et al. 2009 , Xu et al. 2011 , ZiLi et al. 2010 ). Water removal is required to effectively extract the TAGs from the algae and is most efficient at moisture contents between 5 and 15 % (Baliga and Powers 2010, Xu et al. 2011) . Achieving these moisture contents represents one of the major bottlenecks of using microalgae as a feedstock for biodiesel (Lardon et al. 2009 , Marsh 2009 , Stephenson and Kazamia 2010 . The dilute nature of the algae culture is the most challenging aspect of producing biodiesel from algae (Danquah et al. 2009 ). The dewatering stage can be improved by sequencing various methods. Flocculation is the most efficient way of initially concentrating the algae in solution; however, the resulting dry solids concentration will not exceed 5 % and additional dewatering is necessary to achieve lower moisture contents (Uduman et al. 2010) . A LCA conducted by Lardon et al. (2009) found that the dewatering stage contributed to 84.9 % of the total process energy. This study was based on extrapolations of lab-scale studies, and served to identify the major obstacles in algae biodiesel manufacture. Xu et al. (2011) explored the reduction of the process energy demand through using a series of dewatering and drying technologies. Their study obtained a fossil fuel energy rating of 1.5, meaning 50 % more energy was recovered as biodiesel when compared to the energy consumed to create it. They have shown that using thermal drying methods to dewater algae contributes to over 90 % of the process energy demand in the downstream production of algae biodiesel. The process energy was estimated from laboratory observations as well as published data of others, and a comprehensive LCA was not performed. The LCAs on dewatering demonstrate that this stage is a major bottleneck in the commercialization of algae derived biodiesel.
An extensive LCA for the dewatering stage is required to provide an analysis of more environmentally efficient processing steps. The approaches presented in this article use processes which have been proven effective at the pilot scale, and are scalable to a commercial plant. These are used instead of extrapolating exploratory lab-scale processes which may prove difficult to scale-up. This study expanded on previous findings from Xu et al. (2011) by using a wider range of dewatering equipment. Their research focused on the energy demand required for algae processing, but the work does not address the emissions associated with production of biofuels. For this reason, our study consisted of a rigorous LCA to compare these dewatering technologies when fully integrated into biodiesel production.
Material and energy balances for an industrial scale algae production facility were estimated, and served as the basis to conduct a LCA by evaluating total emissions. This ''base case facility'' was compared with alternative processing cases, created by implementing potentially scalable dewatering technologies. Total emissions from each stage were quantified, the optimal sequence of dewatering equipment was determined, and the life cycle emissions were compared.
Materials and methods

Goal and scope
This study evaluated and compared multiple methods of processing algae into biodiesel using a cradle to gate LCA and the scope was from the algae harvesting to the reaction and product purification stage with a focus on water removal (Fig. 1) . Since there is no currently existing commercial scale facility, a base case model was developed using potentially scalable systems. This model, discussed in the following sections, consists of harvesting, drying, extraction, reaction, and product purification stages. This model provides a starting point for which alternative cases can be developed and compared. The alternative cases focus on adapting and coupling a wide range of dewatering processes. These alternatives begin with the concentrated algae slurry from the flocculation stage and use various technologies to achieve 5 % moisture content before extraction. Figure 1 gives an overview of the algae to biodiesel process and highlights (with a dashed line) the stages examined in this article. These comprehensive emissions LCA of the dewatering stage will assist in finding the optimal dewatering configuration.
A basis of one metric ton (t) of biodiesel (BD) produced was used for the comparisons and all inputs and outputs for each stage were specified on this basis. The algae cultivation was not considered in this study, therefore the algae species and yields were kept constant. The combustion and distribution of biodiesel was not taken into account. Since biodiesel will be a direct replacement for current diesel applications, the end use would be the same regardless of the production route and is not considered in this study. Due to the exclusion of the growth stage, CO 2 sequestration was not considered in this model. CO 2 generated through the generation of utilities, input materials, and waste disposal were considered in this analysis.
Life cycle inventories
Mass and energy balances were developed to formulate a life cycle inventory for all stages within the boundaries of this study. Each input was defined within the LCA software SimaPro Ò (Pre Ò , The Netherlands) and their respective emissions were obtained through their comprehensive database. SimaPro Ò contains all emissions and energy data regarding the material inputs for the algae biodiesel process. Steam and electricity were the utilities used. The steam entry was generated using data from 11 existing chemical plants in Europe. The United States data was unavailable in SimaPro Ò , but steam generation in other locations is likely to be similar. Therefore, this was considered an acceptable substitute. Electricity was based on the average US electricity generation. Waste treatment and incineration analysis were performed using Ecosolvent Ò software (ETH Zurich, Switzerland).
Impact assessment
SimaPro Ò was used to perform the LCA to evaluate the magnitude and significance of potential environmental impacts of this system. This LCA quantified the total emissions, accounting for emissions to air, water, and soil of each processing stage and their impacts on the overall biodiesel production process. Previous studies by Xu et al. (2011) investigated only the process energy perspective rather than performing an environmental LCA. The biodiesel process produces glycerine as a byproduct. Our study considers this a useful byproduct and credits the LCA for this. The system boundaries have been extended to subtract the emissions associated with producing glycerine through the typical commercial route from soybean oil as documented in SimaPro Ò . Fig. 1 General process flow diagram of algae biodiesel production LCA of dewatering routes for algae derived biodiesel processes 569
Base case commercial scale process A base case production model was developed to compare alternative processes. Based on the mean production capacity of commercial non-algae-based biodiesel plants, a productivity of 52,300 t BD/year was chosen (National Biodiesel Board 2010). The plant was designed using technologies capable of being scaled to these production values. This capacity was then converted to the basis of 1 t of BD for comparison. Since no commercial scale algae biodiesel plant is in existence, the facility was designed to produce biodiesel based on established industrial processes to make an accurate estimation of the requirements for a commercial scale biodiesel plant. This is not necessarily the optimal method of producing algae derived biodiesel, but served as a starting point for the LCA. Alternative cases were developed to reduce the emissions associated with algae dewatering and were also based on scalable technologies. The key parameters of each stage outlined in Fig. 1 are described in the following sections. Total mass and energy balances were performed on each stage in the biodiesel process to develop a comprehensive inventory of all inputs and outputs. We use literature as appropriate to support the base case design and to validate the assumptions made.
Dewatering methods
The dilute algae solution must be concentrated by removing water to proceed to the extraction stage. Initial dewatering was performed by a flocculation unit. Aluminum sulfate was added at 250 mg/L and lime was added at 0.73 g/g aluminum sulfate. These flocculants are capable of recovering 95 % of the algae contained within the algae culture and results in water-algae slurry of 95 % water by weight (Uduman et al. 2010) . Spray dryers are commonly used in drying fine slurries; therefore the water-algae slurry stream was fed to a spray dryer, where the moisture content was reduced from 95 to 5 % (Becker 2008 , Lardon et al. 2009 ). A heat integration was performed on the spray dryer and the resulting energy consumption was 2.5 MJ/kg of water removed.
Oil extraction
N-hexane is a suitable solvent capable of extracting lipid molecules from dried algae at a volumetric ratio of one cubic meter of solvent per cubic meter of dried algae cake (Stephenson and Kazamia 2010) . This solvent is capable of achieving a 95 % TAG recovery from dried algae (Xu et al. 2011) . The exiting organic phase was assumed to contain only hexane and extracted TAGs, while the residual biomass contained the remainder of cell debris and flocculation chemicals. This residual biomass was treated as a waste stream sent to a landfill. Solvent recovery was performed by a multiple effect forced circulation evaporator such as a rising or falling film system (Perry and Green 2008) .
Transesterification and product purification
The transesterification and purification process was based on an existing model developed by Pokoo-Aikins et al. (2010) This study used an alkali-catalyzed transesterification to convert TAGs and methanol to glycerol and FAMEs. The simulation assumed a TAG purity of 99.5 % with impurities consisting of individual fatty acids. This reaction was accomplished through a two stage transesterification, where a 70 % conversion was assumed in each reactor vessel (Pokoo-Aikins et al. 2010) . Purification of the biodiesel and glycerine was performed in a decanter due to their immiscibility and difference in specific gravity. The excess unreacted methanol was recovered as vapor using a distillation column and the excess sodium hydroxide was neutralized with hydrochloric acid. Hydrochloric acid was also used to break down any soap that may form and the FAMEs were purified by water washing to remove residual catalyst, salts, methanol, free glycerol, and soaps, resulting in a biodiesel purity of 99.65 % by weight (Pokoo-Aikins et al. 2010).
Results and discussion
Mass and energy balances
The resulting material inputs for each stage can be found in Table 1 . These are based on the aforementioned calculations on the basis of 1 t of biodiesel. Material flows for the algae cultivation stage were not included in this analysis. The significant material flows were the addition of flocculants for dewatering, hexane for extraction, and methanol for the transesterification. Sodium hydroxide was used as a catalyst while water and hydrochloric acid were used to purify the biodiesel. The energy required for each stage is shown in Table 2 . The heat input for the drying stage is significantly higher than the heat input into all other stages.
The quantity of glycerine produced by the process was 109 kg/t of biodiesel. All other process outputs were considered waste. The resulting waste streams are shown in Table 3 . The waste streams were located in the extraction and solvent recovery and the reaction and purification stages. The water removed from the flocculation and drying stages is assumed to be recovered and recycled.
Life cycle inventories
The process was broken down into the flocculation stage, drying stage, extraction, and solvent recovery stage, and the reaction and product purification stage. Each raw material and energy input has emissions, energy consumption, and raw material consumption as well. Figure 2 shows the LCIs for each material input. The LCI for electricity has 0.213 kg of emissions per MJ of energy produced, while steam has 0.226 kg of total emissions for every kg of steam produced.
Life cycle assessment
Base case assessment
The total life cycle emissions were analyzed for the base case process. The LCA resulted in 10,500 kg of emissions/t BD. The total emissions were analyzed according to their respective production stages (Table 4 ). The total emissions category is the summation of all emissions to the air, water, and soil. Table 4 shows that the vast majority of all emissions are to the air, contributing to 97 % of the total emissions. The emissions to water in the extraction and solvent recovery step make up 77 % of the total emissions due to the landfilling of solid biomass waste. It is possible that these emissions could be avoided by generating additional useful products such as methane gas from anaerobic digestion (Collet et al. 2011) . The reaction and product purification step includes a credit for producing glycerine and is displayed in Table 4 as the negative value for water emissions. This is due to the emissions to water caused by the growth of soybeans as a result of the allocation selected for glycerine. CO 2 emissions contribute to 97 % of the total emissions for the production of algae biodiesel. Since the majority of emissions are CO 2 emissions, using total emissions as an impact factor is essentially a CO 2 study. In Fig. 3 , the processing stages are compared. The drying step makes up 96 % of the total emissions due to the large quantity of steam required to evaporate the water within the algae. The remaining stages have relatively low contributions to the total process emissions. The LCA for the base case shows the drying stage of the biodiesel production has the greatest opportunity for improvement. These results agree with Lardon et al. (2009) who found 85 % of the process energy came from drying the algae and Xu et al. (2011) who found that approximately 90 % of the process energy was due to thermal drying. Although our case found drying to have a higher contribution, it did not include the growth stage, which was included in these previous studies.
Since our model was consistent with other research, alternative processing steps were developed using the base case as a starting point. Instead of sending the flocculated algae directly to a spray dryer, other mechanical and thermal separation methods were investigated. Decreasing the energy required for drying the algae using additional mechanical means will reduce the total life cycle emissions. Alternative methods were investigated and a comprehensive emissions LCA was performed for each case developed. This analysis can be used as a decision-making tool for determining the ideal algae biodiesel production pathway.
Alternatives development
The dewatering stage was investigated to reduce the total emissions associated with the downstream algae biodiesel production. Xu et al. (2011) provides a comparison of the heat integrated dryer, heat assisted rotary filter, and diskstack centrifuge energy requirements. Our study integrates additional dewatering techniques into the biodiesel process, and a comprehensive emission LCA was performed on the resulting production route. Table 5 shows a general analysis of energy consumption and capacity for dewatering technologies for various water contents.
Thermal drying was inevitably required due to bound intercellular water. Typical algae cells can contain between 40 and 80 % water (Cooney et al. 2009 , Xu et al. 2011 , ZiLi et al. 2010 ). This water cannot be removed by mechanical operations such as centrifugation or filtration. A thermal dryer can achieve the low moisture contents Gemert 2009 ). This dryer uses hot balls to contact the algae slurry under a vacuum, and condenses the water vapor over the metal balls to recover the heat. Although this is a new method of drying, the production capacity is 1,000 kg of dried sludge/hr (Hartmann 2004) . In addition to the applications for drying algae, this technology has the potential for heat integration in biomass gasification.
Three different types of centrifuges were considered. The first was a disk-stack centrifuge capable of removing water to approximately 12 % dry algae content (Molina Grima et al. 2003) . This centrifuge has a processing capacity of 85 m 3 /hr and a power consumption of 45 kW. The second centrifuge used was a decanter bowl centrifuge. The decanter bowl centrifuge produces a 22 % dry algae, is available at commercial capacities, and consumes 8 kWh/ kg water removed (Molina Grima et al. 2003) . The third centrifuge was a novel spiral plate centrifuge developed by Evodos Ò (Breda, The Netherlands) specifically for dewatering algae (Algae World Australia 2011). It is capable of achieving 31.5 % dry algae weight, consumes 0.95 kWh/ m 3 of algae slurry, and can process up to 40 m 3 of slurry/hr (Anonymous 2012) .
Three filtration methods were investigated: a tangential flow filtration, chamber filter press, and a heat assisted rotary pressure filter. The tangential flow filtration was based on a study by Danquah et al. 2009 which found an energy consumption of 0.00206 kWh/kg of water removed and achieved final dry algae content of 8.8 %. The chamber filter press consumes 0.88 kWh/kg of water removed and can achieve 27 % dry algae content. The heat assisted rotary filter was used in a study conducted by Mahmood et al. (1998) on biomass-type sludge drying. This study used a filter that increased the solids concentration from 33 to 56 % while using 60 kWh/dry t sludge. This filter was capable of operating at a capacity of 200 t of sludge/hr. It was assumed that this equipment could handle algae contents as low as 22 % for the purpose of sequencing technologies. These filtration units require electricity as energy input. Even though the pressure filter uses heat, this is still supplied through electricity rather than steam.
Centrifugation, filtration, and thermal drying equipment were sequenced to establish alternative cases. The energy consumption and the resulting dry algae content were calculated based on the properties of the incoming slurry, the attainable dry weight content, and the energy consumption for each dewatering operation. Since only energy was an input for these processes, the electricity and steam consumption for each case was quantified. The dryers required steam, while the remaining dewatering equipment consumed electricity. The LCA could then be performed using the energy consumption and the LCIs for electricity and steam.
Alternative assessments
Using these dewatering processes, six alternative cases were developed. Case 1 and case 2 were studies on the effect of replacing the spray dryer with the steam rotary dryer and the heat integrated dryer, respectively. These were analyzed separately from the mechanical separation processes since thermal drying would only be sequenced following the dewatering. The spray dryer resulted in total emissions of 10,500 kg/t BD. The steam rotary dryer (case 1) had total life cycle emissions of 13,000 kg/t BD and the heat integrated dryer (case 2) had total life cycle emissions of 8,800 kg/t BD. The CO 2 emissions were 12,600 kg/t BD and 8,490 kg/t BD, respectively. Since the type of dryer had such a high impact on the total life cycle emissions, the heat integrated dryer was chosen for the remaining four alternative cases and was sequenced following the mechanical dewatering to achieve 95 % dry algae. These cases were developed by coupling technologies to achieve the lowest emissions.
Cases 3 through 6 were directed toward comparing mechanical dewatering methods while maintaining the same dryer and flocculation system (Fig. 4) . Flocculation increases the dry weight content of the algae mixture from 2.4 to 5 %, removing 44,200 kg of water and consuming 6.27 kWh which corresponds to 0.51 kJ/t water removed. This is similar to the pulp and paper industry, where the first step in the dewatering process uses a belt conveyor with relatively low energy consumption. Therefore, flocculation was kept and each case began with the output from flocculation at 5 % dry algae content. Each of these cases removed 36,431 kg of water to reach a 95 % dry algae content. Mechanical dewatering was sequenced to reduce the extent of thermal drying, and represented realistic attainable water contents. For example, the tangential flow filtration is only capable of achieving a 8.8 % dry algae content slurry and would not be placed after a chamber filter press, which dewaters the slurry to 27 % dry algae content. Cases were sequenced to utilize advantages of particular dewatering methods. The disk-stack centrifuge is more energy efficient, but cannot obtain the higher dry algae contents that the spiral plate centrifuge achieves. The heat assisted rotary pressure filter has high energy consumption, but is capable of achieving a higher dry algae content and is best sequenced just before the dryer.
As shown in Table 6 , case 4 was the best of all six cases, reducing the total emissions by 91 % compared to the base case. The dewatering stages, including flocculation, account for 53 % of the total life cycle emissions. This stage not only used the spiral plate centrifuge to dewater to 31.5 % dry algae but also employed the heat assisted rotary pressure filter to achieve slurry containing 56 % dry algae. This shows that sequencing dewatering equipment can greatly decrease the total life cycle emissions by decreasing the environmental burden from drying. Figure 5 shows the total life cycle emissions distribution for case 4.
The resulting total emissions for all the cases are shown in Fig. 6 . This illustrates the significant decrease in emissions when adding mechanical separations rather than solely using thermal means. Thermal drying should only be used when no other dewatering method is available. Case 3 uses mechanical dewatering to obtain algae slurry with a dry algae content of 27 %, while case 6 contained the heat assisted rotary pressure filter which resulted in a dry algae content of 56 %. The total emissions from case 3 to case 6 decreased by 32 % because an additional 3,690 kg of water/t BD were removed by the heat assisted rotary pressure filter before thermal drying. Cases 4, 5, and 6 all contain the rotary pressure filter, but differ by the processes which precede it. Comparing case 3 to case 4 and case 5, a 46 % reduction and a 44 % reduction are seen respectively. Altering the sequence results in less improvement than was reached by increasing the extent of mechanical dewatering. This suggests that rather than the optimal dewatering sequence, maximizing the mechanical dewatering is the most important aspect of algae dewatering. The difference in the driving force is the reason for this energy difference between thermal and mechanical methods. Filtration uses applied pressure differential as the driving force, while centrifugation uses an applied centrifugal force for separation. The chamber filter press consumes 0.122 MJ/kg water removed and the disk-stack centrifuge consumes 0.0733 MJ/kg water removed. Thermal drying uses the heat of vaporization as the driving force. In the case of the heat integrated dryer, 2 MJ/kg of water removed are consumed. This emphasizes the importance of minimizing thermal drying.
In addition, the energy consumption for the equipment used in the six developed cases was analyzed and the total emissions per t of water removed were calculated. These values were based on the operating conditions for the dewatering ranges studied. The total life cycle emissions of each dewatering process for every t of water removed was found as it directly relates the energy consumption to the life cycle emissions (Table 7) . These calculations indicate which operations should be used initially, and which ones should be avoided entirely. As was shown before, drying is the least efficient processing method. The disk-stack centrifuge, spiral plate centrifuge, tangential flow filtration, and chamber filter press all have low emissions/t of water removed. The decanter centrifuge has higher emissions than the other filtration and centrifugation methods. The attainable dry weight contents are lower for algae than other applications because of bound intercellular water. This lower achievable algae content and higher energy consumption makes the decanter centrifuge an inappropriate technology for algae dewatering. The heat assisted rotary pressure filter incorporates heating into the mechanical separation resulting in a higher dewatering capability. This results in higher energy expenditures, and therefore higher emissions.
Cases 4 and 5 vary by only 36 kg of life cycle emissions/t BD. This suggests that the sequencing does not significantly affect the total life cycle emissions. Instead, maximizing the mechanical dewatering is more important than sequencing. Therefore, future work should focus on removing the required thermal drying which is responsible for 37 % of the total downstream emissions in case 4. However, this is difficult because of bound intercellular water which can represent 40-80 % of the cellular mass and cannot be removed by traditional mechanical means (Cooney et al. 2009 , Xu et al. 2011 , ZiLi et al. 2010 . Therefore, future work should focus on additional technologies such as cell lysis, which might be capable of freeing this intercellular water and on extraction methods Future work may also include the development of a rigorous optimization superstructure. The dewatering systems evaluated in this article were simple enough to be able to determine the optimal arrangement by inspection. Therefore, the dewatering model does not warrant generating a rigorous optimization, but the inclusion of potential extraction, reaction, and purification stages could make developing this model a worthwhile endeavor. This could serve to identify an optimal downstream algae biodiesel production method.
In addition to comparing the different algae biodiesel processing methods, various sources for biodiesel can be evaluated. The Global Warming Potential (GWP) of biodiesels from various sources was compared to case 4, the best case (Table 8) . Cultivation was not considered in our cases; therefore, these were also not included for these sources. To determine the GWP for case 4, emission factors of 1, 25, and 298 were applied to the CO 2 , CH 4 , and N 2 O emissions, respectively, as dictated by the Integrated Pollution Prevention and Control (2007) . This resulted in a GWP of 663 kg CO 2 eq/t BD. The allocation of glycerine avoids potential N 2 O emissions, resulting in a lower GWP than the CO 2 emissions (Table 8) .
There is a variation in GWP between these sources because of their different oil content. More raw materials must be processed to attain the same quantity of oil, resulting in a greater GWP in downstream processing. Algae have a higher GWP than rapeseed and jatropha because of their high water contents compared to terrestrial plants. Algae have significantly higher water contents than terrestrial plants. A large portion of the GWP is associated with the extensive dewatering and drying. Algae are capable of being produced space efficiently, and rapidly which might give algae the long term advantage over terrestrial plants.
Conclusions
A base case was developed for the downstream processing of algae into biodiesel and resulting life cycle emissions were obtained. Alternative cases involving thermal and mechanical processing were investigated to reduce the total life cycle emissions. The equipment compared for these alternatives were a disk-stack centrifuge, spiral plate centrifuge, decanter centrifuge, tangential flow filter, chamber filter press, heat assisted rotary pressure filter, steam rotary dryer, and heat integrated dryer. Comparing the base case to the dewatering alternatives led to a significant decrease in emissions. The best case was case 4 consisting of the spiral plate centrifuge, heat assisted rotary pressure filter, and a heat integrated dryer. This case had only 875 kg emissions/t BD, with 53 % attributed to dewatering and was a 91 % improvement compared to the base case. Increasing the extent of mechanical dewatering resulted in significant life cycle emissions reduction. This is because the driving force for thermal drying had a high energy demand, at 2 MJ/kg water removed.
Case 4 was a significant improvement over the base case, but only varied from case 5 by 36 kg emissions/t BD. This demonstrates that increasing the extent of dewatering is more important than equipment sequencing. The drying component was responsible for 37 % of the total downstream emissions in case 4. Additional improvements can be made by lessening or removing the thermal drying, but current mechanical technologies are incapable of removing bound intercellular water.
Even in case 4, 53 % of the total life cycle emissions were from operating the mechanical and thermal dewatering methods with dewatering and drying still accounting for the majority of total emissions. Performing wet TAGs extraction under considerable water content would avoid thermal drying, which may decrease the total emissions. A rigorous optimization superstructure could then be developed which spans the dewatering, extraction, reaction, and purification stages to identify the overall optimal algae biodiesel production method. Hoefnagels et al. (2010) b Adapted from Hou et al. (2011) c Adapted from Stephenson et al. (2008) 
